To understand the function of multiple heat shock transcription factors in higher eukaryotes, we have characterized the interaction of recombinant mouse heat shock transcription factors 1 and 2 (mHSF1 and mHSF2) with their binding site, the heat shock element (HSE). For our analysis, we utilized the human HSP70 HSE, which consists of three perfect 5'-nGAAn-3' sites (1, 3, and 4) (6, 16, 50) that mediates that response to stressful conditions, whereas larger eukaryotes (e.g., mouse, human, tomato, and chicken) contain multiple HSFs (28, 33, 37, 39, 40 
Missing-nucleoside analysis demonstrated that the third and fourth nGAAn sites were essential for mHSF1 and mHSF2 binding. The binding of the initial mHSF1 trimer to the HSE exhibited preference for sites 3, 4, and 5, and then binding of a second trimer occurred at sites 1 and 2. These results suggest that HSF may recognize its binding site through the dyad symmetry of sites 3 and 4 but requires an adjacent site for stable interaction. Our data demonstrate that mHSF1 and mHSF2 bind specifically to the HSE through major groove interactions.
Methidiumpropyl-EDTA footprinting revealed structural differences in the first and third repeats of the HSE, suggesting that the DNA is distorted in this region. The possibility that the HSE region is naturally distorted may assist in understanding how a trimer of HSF can bind to what is essentially an inverted repeat binding site.
A well-studied example that has served as a paradigm for activation of gene expression is induction of HSP70 transcription by heat shock transcription factor (HSF). As with other transcription factors, HSF is a member of a family of factors. Smaller eukaryotes (e.g., Drosophila melanogaster and Saccharomyces cerevisiae) appear at present to have only a single HSF (6, 16, 50) that mediates that response to stressful conditions, whereas larger eukaryotes (e.g., mouse, human, tomato, and chicken) contain multiple HSFs (28, 33, 37, 39, 40) . The presence of a family of HSFs suggests that their functions are not redundant and that they act under different or overlapping circumstances. Consistent with this idea, a comparative analysis of the various HSF family members has demonstrated considerable sequence divergence outside the DNA binding and oligomerization domains (28) . The cDNAs for two distinct HSFs from mouse have been cloned and sequenced (37) . Mouse heat shock factor 1 (mHSF1) and mHSF2 exhibit only 38% identity overall, the homology being primarily due to the high degree of conservation in the DNA binding and oligomerization domains (37) .
However, between homologs there is significant conservation; for example, mHSF1 and mHSF2 are highly related (>85%) to their respective counterparts in human and avian cells (28, 37) .
The DNA-binding ability of HSF1 and HSF2 is latent in vivo (21, 27, 44) . And while both HSF1 and HSF2 activate the same target, the HSP70 gene, they respond to distinct stimuli (37, 42) . HSF1 DNA binding can be activated in many cell types by stress (heat, heavy metals, and amino * Corresponding author. acid analogs), whereas HSF2 is unresponsive to these events but is activated when K562 erythroleukemia cells are stimulated to differentiate with hemin. The activation of HSF DNA binding results in the induction of the HSP70 gene, although heat-induced HSF1 and hemin-induced HSF2 do not activate transcription to the same level (42) .
Little is known about the functional domains of HSF except the location of the DNA-binding and oligomerization domains (6, 29, 43, 50) . The DNA-binding domain of HSFs is localized to the amino terminus of the protein and does not resemble any known DNA-binding motif (6, 28, 33, 37, 40, 50) . HSFs are trimeric in structure (32, 36, 45) and appear to oligomerize through heptad repeats into a triple-stranded a-helical coiled coil (32, 45) . Human and Drosophila HSF has been shown to activate transcription in vitro dependent on the presence of the HSE (6, 33, 40) , but the location of HSF activation domains is not well understood.
The heat shock element (HSE), which is the DNA-binding site for HSF, is found in the promoters of stress-responsive genes and is composed of multiple inverted arrays of the pentameric consensus sequence 5'-nGAAn-3' (2, 31) . As with the binding sites of many transcription factors, the HSE has inherent dyad symmetry. Comparison of the HSEs of various organisms reveals that yeast and Drosophila HSEs are composed primarily of consensus pentameric sites (5'-nGAAn-3') (2, 55), whereas in larger eukaryotes only the G residue remains highly conserved, and there are variant sequences, for example, nGGGn and nGACn in the HSP70 HSE that are also contacted by HSF (1, 7, 10) .
The analysis of Drosophila HSF binding to the HSE demonstrated that HSF interacted with the sequence 5'-nGAAn-3' when at least two head-to-head or tail-to-tail DIFFERENTIAL BINDING OF mHSF1 AND mHSF2 3371 repeats were present (31) . While Drosophila HSF was capable of binding to two sites, the stability increased significantly when three nGAAn sites were present, consistent with the trimeric nature of the protein. Additional studies with three to nine repeats of the basic motif conclusively demonstrated strong cooperativity in the binding of Drosophila HSF, such that binding to one trimeric repeat positively influenced and stabilized the binding at adjacent sites (31, 41, 56) . The HSE of the human HSP70 gene contains five nGAAii sites of which sites 1, 3, and 4 match the consensus. Previous characterization of human HSF1 interaction with the human HSP70 HSE in vivo demonstrated that all five consensus G residues were protected from dimethyl sulfate (DMS) methylation by heat shock-activated HSF1 (1) . In contrast to HSF1, hemin-activated human HSF2 bound specifically to the HSP70 HSE but failed to substantially protect the consensus G in the first site from DMS methylation (42) . In vivo DMS protection studies have consistently shown that the level of methylation protection by human HSF1 is strongest in sites 3 and 4 of the human HSP70 HSE (1), and notably, sites 3 and 4 are consensus nGAAn sites that form a perfect 10-bp dyad symmetry.
We have utilized the human HSP70 promoter for the study of the mHSFs because there is extensive information available regarding the function of this promoter (11, 12, 23, 26, (51) (52) (53) and it is the only binding site for which we have an in vivo comparison for HSF1 and HSF2 (42) . It should be noted that the human and mouse promoters are 85% identical and that all the basal elements are conserved (15) . More importantly, the mouse and human HSEs are both composed of five inverted pentamers, and the first, third, and fourth repeats in each HSE are perfect matches to the consensus.
In this report we have examined the DNA-binding properties of recombinant mHSF1 and mHSF2 to the HSP70 HSE by several different approaches. Although both HSFs share many properties, there are distinct differences in their interactions with the HSE, and these may be related to their distinct roles in vivo as transcriptional activators of heat shock gene expression under differing cellular conditions.
METHODS AND MATERIALS
Overexpression and partial purification of mHSF1 and mHSF2. mHSF1 and mHSF2 were overexpressed in the T7 expression system in the PET3a vector as described by Studier and others (34, 36, 46) . Upon lysis of the induced cells, mHSF1 was found in the soluble supernatant, whereas mHSF2 was largely insoluble and found primarily in the pelleted fraction.
The mHSF1 supernatant (from 500 ml of cells) was brought to 100 mM KCI, 12.5 mM MgCl, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothreitol (DTT). This fraction was chromatographed on a 20-ml DEAE-Sepharose column with a Pharmacia fast protein liquid chromatography system. The bound mHSF1 was eluted in TM buffer (50 mM Tris-HCl [pH 7.9], 12.5 mM MgCl2, 1 mM DTr, 10% glycerol) at a concentration of =0.2 to 0.25 M KCI with a linear gradient from 0.1 to 0.6 M KCI.
The pooled fractions were diluted to 0.1 M KCl with TM buffer and chromatographed on a 15-ml heparin-Sepharose column. The bound protein was eluted with a 0.1 to 0.6 M KCI gradient in TM buffer. This step resulted in substantial purification as a majority of the proteins flowed through the column and mHSF1 eluted at -0.3 to 0.35 M KCI. This fraction was concentrated and then chromatographed through a Superose 6 sizing column. HSF1 eluted near the void volume of the column. While not homogeneous at this step, HSF1 accounted for >90% of the protein in this fraction.
The purification of mHSF2 was accomplished by resuspending the insoluble mHSF2 pellet from the high-speed centrifugation step in lysis buffer (50 mM Tris [pH 8.0], 2 mM EDTA) and washing the pellet in the same buffer twice. The pellet was resuspended in lysis buffer, and Sarkosyl was added to a final concentration of 1%. Sarkosyl has been previously used to successfully solubilize recombinant actin inclusion bodies (9) . This solution was incubated at 25°C for 1 h and then diluted 10-fold with lysis buffer and centrifuged again (30 min, 15 ,000 x g). The supernatant now contained 80% of the mHSF2, and this remained soluble.
The supernatant was adjusted to 0.1 M KCl and other components as described above and chromatographed on the heparin-Sepharose column. mHSF2 eluted at 0.3 to 0.35 M KCI, as found earlier for mHSF1.
Plasmid DNAs and the preparation of labeled probes. The plasmids used in transcription studies were LSWT, a human HSP70 promoter construct that contains sequences from -188 to +150 bp of the human promoter linked to the chloramphenicol acetyltransferase (CAT) gene (52) . The GRP78-CAT construct was a gift of L. Sistonen in our laboratory and contains 360 bp of the human GRP78 promoter fused to the CAT gene in the pCAT-Basic vector (Promega, Madison, Wis.).
To prepare single-end-labeled probes for footprinting studies, an SphI fragment of the human HSP70 gene promoter from the construct pA3 (52) was subcloned into the SphI site of pGEM3. This fragment contains HSP70 promoter sequences from -188 to -4 bp. To label the DNA, we used polylinker sites located at either end of pKA3, the SalI site (-188 bp), and the HindIII site (-4 bp). For mapping mHSF1 and mHSF2 interactions with the HSP70 HSE, we end labeled S ,ug of plasmid DNA at either the SaiI or HindIII site with T4 DNA kinase or Escherichia coli Kienow fragment as described previously and digested with the complementary enzyme (35) . This resulted in DNA labeled on the coding or noncoding strand at the same end of the molecule. Probes labeled at the SalI site are designated *SalI-HindIII, whereas probes labeled at the HindIII site are designated SaiI-HindIII*, and the strand (coding or noncoding) is denoted in the legends. The fragments were purified and eluted as described previously (25) . The eluted DNA was concentrated by ethanol precipitation and resuspended in 100 ,ul of 10 mM Tris-HCl (pH 8.0)-i mM EDTA (TE).
Typically, 1 ,u (5 to 10 fmol) of DNA (10,000 to 20,000 cpm) was used for footprinting studies. Purine ladders for markers were prepared as described previously (25) .
Enzymatic and chemical footprinting. DNase I footprinting was performed as described by Dynan (8) . Labeled probe (1 al. (30) . The MPE (2.5 ,u of a 1.5 mM solution), synthesized by Peter Dervan, was mixed with 4 ,u of 4 mM ferrous ammonium sulfate [Fe(II)] and immediately diluted to 100 ptl with cold H20. One microliter of MPE-Fe(II) was added to the HSF binding reaction. After 3 min, 1 RI of 100 mM DTT was added, and the cleavage reaction was allowed to proceed for an additional 2 min. The reaction was quenched and evaluated as described previously (30) .
DMS protection analysis was performed exactly as described previously by O'Halloran et al. (30) . After separation of bound and free probe on a native 4% polyacrylamide gel, the bands were electroeluted to NA45 paper (Schleicher & Schuell, Keene, N.H.). The eluted DNA was treated with acid and cleaved with NaOH exactly as previously described (24) . The cleavage products were separated on a sequencing gel and visualized by autoradiography.
Missing nucleoside analysis. The conditions used for the assay were essentially as described by Hayes and Tullius (13) . Randomly gapped DNA was made with the Fe-EDTA cleavage reaction as previously described (13) . Ten-fold scaled-up binding reactions were prepared as for footprinting, and 4 ,ug of mHSF1 or mHSF2 was added. After 20 min on ice, the bound and free probes were separated by gel shift analysis. The bound and free probes were eluted by crushing and soaking as previously described (25) . The eluted DNA was subjected to electrophoresis as described above and analyzed by autoradiography.
Gel shift analysis. Analysis of mHSF1 and mHSF2 binding to end-labeled HSE oligonucleotide probes was done essentially as described previously (27) (3, 18, 26) . Components were assembled in microcentrifuge tubes on ice as follows: 12.5 pul of 2x transcription buffer, 250 ng of template DNA (LSWT and GRP78-CAT), 20 jig of concentrated (10-mg/ml) HeLa cell nuclear extract prepared as described previously (8, 26) 
RESULTS
Characterization of the oligomeric state of mHSF1 and mHSF2. To examine the biochemical properties of mHSF1 and mHSF2, the genes encoding both proteins were inserted into T7 overexpression vectors and the corresponding proteins were purified as described in Materials and Methods. Two micrograms of mHSF1 after the Superose 6 column (Fig. 1A, Yeast HSF has been reported to be a trimer (45) , whereas activated Drosophila HSF has been reported to be a trimer (31) and a hexamer (49) . Our laboratory has shown that HSF1 in vivo is in an inactive state and primarily monomeric and upon activation becomes trimeric (36) . In vivo, HSF2 is primarily dimeric and upon activation by hemin acquires a native size consistent with a trimer (36, 41a In order to establish the native complex size of the purified recombinant mHSF1 and mHSF2, both proteins were subjected to cross-linking with the chemical reagent EGS and the cross-linked products were detected by Western blot analysis with antisera specific to mHSF1 and mHSF2. At a protein concentration (40 ng/ml [36] ) that mimicked the in vivo concentration of HSF1 and HSF2, the results show that both mHSF1 and mHSF2 exist predominantly as trimers in solution. Figure 1B demonstrates that as the concentration of EGS was increased from 0.05 to 0.2 mM for mHSF1 and 0.2 to 1.0 mM for mHSF2, the largest cross-linked product detectable was consistent with the size of a trimer for both mHSF1 (lane C, 210 kDa) and mHSF2 (lane F, 210 kDa). mHSF2 required higher levels of EGS for efficient crosslinking; however, this is likely due to the inherent differences in the protein sequences of mHSF1 and mHSF2. These results show that purified recombinant mHSF1 and mHSF2 proteins are both trimers in solution and are consistent with the conservation of the oligomerization domains and previous analysis of other HSFs (31, 32, 36, 37, 45 (5, 38) . We note that both binding isotherms ( Fig. 2A and B , middle panels) are sigmoidal in shape, and this is consistent with the cooperative nature of HSF binding to DNA that has been described previously (31, 56) . We chose to measure the Kd by quantitating the entire shifted set of DNA-protein complexes. For comparative purposes, we plotted a linear line of best fit through the datum points ( Fig. 2A and B , bottom panels) and determined that mHSF1 and mHSF2 had nearly identical Kd values of 2.7 and 2.4 nM, respectively.
Activation of transcription by mHSF1 and mHSF2. In order to directly compare their transcriptional activities, purified mHSF1 and mHSF2 were added to an in vitro transcription system by using DNA templates corresponding to the human HSP70 promoter (LSWT) and a control promoter lacking HSEs, the GRP78/Bip promoter (GRP78-CAT). Purified mHSF1 (Fig. 3 , lanes D and E) or mHSF2 (lanes F and G) (150 ng) was added to duplicate reaction mixtures. The reaction mixtures were incubated and processed as described in Materials and Methods, and the levels of HSP70 and GRP78 transcription were assayed by primer extension. Both HSF factors positively stimulated transcription from the HSP70 promoter relative to control reactions (lanes B and C), in which no HSF was added. In numerous assays, mHSF1 stimulated basal transcription 3-to 4-fold (lanes D and E), whereas mHSF2 (lanes F and G) stimulated transcription only an average of 1.5-to 2-fold. The addition of mHSF1 or mHSF2 lowered the level of transcription from the GRP78-CAT construct present in the same reaction by 10 to 20%. by gel shift analysis, demonstrated that our preparations of mHSF1 and mHSF2 were nearly identical in binding activity (data not shown). We established binding reactions as described in Materials and Methods with *SalI-HindIII DNA probes and, after DNase I digestion, analyzed the products on denaturing sequencing gels ( Fig. 4A and B) . Partial protection of the entire HSE, from nucleotides -119 to -86 (coding strand) and -120 to -86 (noncoding strand) was detected at low concentrations of mHSF1 (37.5 ng or 9 nM) (Fig. 4A , lane C, and 4B, lane B). As the level of mHSF1 protein increased, the coding (Fig. 4A , lanes D to F) and noncoding (Fig. 4B , lanes C to E) strand footprints became more pronounced. mHSF2 exhibited a similar pattern of protection with increasing protein concentration (Fig. 4A , lanes I to L, and 4B, lanes H to K), and the boundaries of protection were from nt -112 to -86 on the coding strand and nt. -115 to -90 on the noncoding strand. Densitometry was utilized to quantitate the level of protection by mHSF1 and mHSF2 in various regions of the HSE. mHSF1 protection at the lowest concentration (9 nM) was =75% throughout the HSE (Fig. 4A, lane C) . The protection by mHSF2 was the same, except in the region of site 1, where the level of protection was only 25 to 45% and did not increase significantly with additional protein. The results of the DNase I footprinting analysis are schematically outlined in Fig. 4C . The boundaries of mHSF1 and mHSF2 interaction were measured at the concentration of protein that produced a saturated footprint (300 ng, which corresponds to a 100-fold molar excess of HSF trimer over binding site). Addition of more protein did not change the boundaries of interaction. The extent of protection by mHSF1 is consistent with the presence of a monomer of mHSF1 bound to each site within the HSE. Thus, the mHSF1 and 'mHSF2 footprints were similar except at the distal boundary, where there was a 5 to 7 nt difference in the extent of protection in site 1. One interpretation of our data is that mHSF1 is bound to sites 1 to 5 (30) with a modified cleavage reaction to detect both methylated G residues (major groove) and methylated A residues (minor groove) the binding of (24) . The results of our analysis are shown in Fig. 6 . mHSF1 footprinting was protected the G residues of all five repeats (nt -94, -104, seful footprinting -105, and -114 on the coding strand and nt -97 and -107 ge at nucleotide on the noncoding strand) and only one A residue in the minor ydroxyl radicals groove at position -106 on the noncoding strand. The level by virtue of the of protection from methylation at all positions was 40 to 50% ty. The cleavage as judged by densitometry. mHSF2 binding was apparently pe of the minor not as tight, since protection from methylation was detected )rmation on the only at the G residues (-104 and -105) in site 3 and at the MPE permits an same A residue (-106) as seen for mHSF1. There was no in along the DNA protection by mHSF2 at the consensus G residues in sites 1 garding the inter-and 2 (-114 and -110), and the level of protection at the s. The hydroxyl concensus G (-94) in site 5 was 20%. The differences erefore penetrate observed here reflect bound protein, because the binding sible to DNase I.
reactions were subjected to gel shift analysis after DMS the tightest intertreatment. It can be concluded that mHSF1 or mHSF2 primarily contact the major groove and that the protection 2 were incubated from hydroxyl radical cleavage is the result of HSF interacreated with MPE tion with the phosphate-ribose backbone. The protection of he sequence prothe A residue at -106 suggests a minor groove contact, and and -116 to -92 this has been observed previously in studies of Drosophila ctively (Fig. 5A, HSF interaction with the Drosophila HSP70 HSE.
tent with results There were prominent DMS hypersensitivities induced by ootprinting (data mHSF1 at positions G-89 and G-116 on the coding strand and -s G to I and Q to G-95 on the noncoding strand. These same DMS hypersenstrands and the sitivities for HSF1 have been observed before with in vivo hough there was methylation experiments in heat-shocked HeLa cells (1, 42) low), the level of and may reflect structural changes in the HSE upon binding 2, 3, and 4 Additionally, it is possible that there was some activated HSF1 in the hemin study that contributed to the hypersensitivity seen in those experiments (42 To perform the missing nucleoside analysis, the DNA was first treated with hydroxyl radical to remove a single base from each DNA fragment (Fig. 7A, schematic) (Fig.  7B ). In the mHSF1 binding reaction, two complexes were detectable with the coding and noncoding strand probes; a minor, faster-migrating complex, labeled A, and a more slowly migrating complex, denoted B (Fig. 7B, lanes A and  B) .
To determine the bases required for mHSF1 binding, the unbound fraction of the coding and noncoding strands was examined. As shown in Fig. 7C (lanes B and G) , there was an enrichment of bases positioned in sites 3 and 4. Specifically, G-104, A-103, A-100, T-99, and T-98 on the coding strand and T-103, T-102, and A-101 on the noncoding strand were most prominent, thus indicating that a loss of any one of these nucleotides leads to an inability to bind stably to mHSF1 (Fig. 7D, schematic) . These results suggest to us that mHSF1 prefers to bind to a trimeric repeat and that it may be the dyad symmetry of sites 3 and 4 that are most important in the stable recognition of the HSE by mHSF1 and mHSF2. In support of this hypothesis, we have found in gel shift experiments that a dimeric HSE probe (5'-TCGGA TGGAATATTCCCTAGCT-3') comprising sites 3 and 4 is bound surprisingly well by mHSF1 and mHSF2, with approximately a two to fourfold-reduced affinity compared with a probe comprised of three sites (3, 4 , and 5) (data not shown). HSF binding to a dimeric repeat that is a nonconsensus sequence (5'-AGc&GATC1.CGA-3') and not dyad symmetrical is significantly weaker (10-to 20-fold Bases that were hypersensitive to DMS when mHSF1 or mHSF2 was bound to the HSE are noted with arrows and marked with stars. Bottom panel, summary of mHSF1 and mHSF2 interactions (protected bases and DMS hypersensitivities) in the HSE region.
In complex A there was an absence of those bases found in the unbound fraction (Fig. 7C, lanes C and H) , demonstrating that sites 3 and 4 were required for binding. In addition, there was an enhancement in the bound fraction complex A of the bases located in sites 1 and 2; specifically, on the coding strand nt -107 to -115 and on the noncoding strand nt -104 to -112 were enhanced in complex A (Fig.  7D, schematic) . This result suggested that when a base in site 1 or site 2 was destroyed, the formation of complex A was favored. This result is consistent with a preference for mHSF1 binding to repeats 3, 4, and 5. There was some indication that bases lost in site 5 also promoted the formation of complex A; however, since the bases lost in sites 1 and 2 were more prominent, we think that the binding of mHSF1 must be more stable when bound to sites 3, 4, and 5. If another combination of binding sites was preferred (e.g., 1, 2, and 3 or 2, 3, and 4), then cleavage at the corresponding bases should have been enhanced in complex A. Examination of the bases missing from mHSF1 complex B demonstrated a definite footprint area, especially on the noncoding strand (Fig. 7C, lanes D and I) . Consistent with our hypothesis regarding the requirement for a trimeric binding site, it was found that the bases in site 3 were the weakest in intensity in complex B (lanes D and I) . Specifically, on the coding strand G-104, A-100, T-99, and T-98 and on the noncoding strand T-103, T-102, and A-101 were absent in complex B. The missing-nucleoside footprint for mHSF1 binding in complex B encompassed sites 1 to 4, the We were able to discern, with an examination of the unbound DNA from the mHSF2 shift (Fig. 7B, lanes C and  D) , that the bases in site 3 were the most critical for mHSF2 interaction (Fig. 7E, lanes B and F) . The bases that were most important for mHSF2 binding were G-104, A-103, A-102, T-99, and T-98 on the coding strand and T-103, T-102, and A-101 on the noncoding strand, the same positions detected in the mHSF1 unbound fraction. Inspection of the bound DNA demonstrated the reciprocal nature of the experiment, as bases present in the unbound fraction were decreased in the bound fraction (Fig. 7E, lanes C and G) . Attempts to detect a similar result as observed with mHSF1 complex A were hampered by the diffuse nature of the mHSF2 shift. The lack of distinctness in the mHSF2 shift has been observed in a number of experiments with recombinant and hemin-induced mHSF2 (36, 37, 42) . The results of the missing-nucleoside analysis with mHSF2 are outlined in Fig. 7F . It can be concluded from these results that mHSF2 most likely also binds the HSE through recognition of the dyad symmetry at sites 3 and 4 and that binding to a trimeric site is preferred. DISCUSSION mHSF1 and mHSF2 recognize the dyad symmetry of the HSP70 HSE. We have performed a detailed comparison of the DNA binding of mHSF1 and mHSF2 to the HSP70 HSE, a complex binding site composed of five adjacent pentameric sites. We were interested in understanding the nature of mHSF1 and mHSF2 interaction with these sites, what nucleotides were important for binding, and if there was any preference for HSF trimer binding within the HSE. With respect to the latter, the most striking result of these studies came from the missing-nucleoside analysis. The binding of mHSF1 or mHSF2 to gapped DNA in the missing-nucleoside experiment demonstrated that the most sensitive bases in the pentameric binding site were within sites 3 and 4. This can be understood on the basis of a model for HSF interaction with the HSE, in which mHSF1 recognizes the HSE through interactions with the dyad symmetry of sites 3 and 4. Our additional analysis of mHSF1 and mHSF2 binding to dimeric HSEs (data not shown) suggests that this interaction is substantially weaker and that stable binding of HSF occurs when at least three adjacent sites are present. This hypothesis is also supported by the fact that mHSF1 and mHSF2 bind significantly better to a dimeric repeat that contains sites 3 and 4 than to one that does not match the consensus and lacks symmetry.
Our data from the missing-nucleoside experiment also demonstrate that there is a site preference for trimer interaction in binding to the HSE. We found in the mHSF1 complex A that sites 3, 4, and 5 were the preferred binding site for mHSF1. This was concluded because when bases were lost from sites 1 and 2, the formation of complex A was enhanced. This may be functionally important in assembling the transcription complex on the HSP70 gene, as it would permit the binding of two HSF molecules to the HSE. A model for mHSF1 binding to the HSP70 HSE is schemati- of the HSE is schematically displayed on a B-form DNA molecule with 10-bp periodicity. At the top, the bases of the HSE region are denoted, and the specific repeats are bolded and denoted with arrows indicating their orientation and number. The box outlines sites 3 and 4 and the 10-bp dyad symmetry. The middle panel shows a trimer of mHSF1 bound to sites 3, 4, and 5. The trimer is drawn as a three-stranded coiled coil; the small boxes represent the oligomerization region. The DNA-binding domains are oval shaped and lie in the major groove of the helix at each site. The dark shadowing indicates that the HSF monomer is in front, and light shadowing indicates that it is behind the helix. At the bottom, the binding of the second mHSF1 trimer at sites 1 and 2 is shown with the adjacent unbound mHSF1 monomer.
cally diagrammed in Fig. 8 . The first trimer binds to sites 3, 4, and 5, allowing the binding of a second trimer. The ability of an mHSF1 trimer to bind stably to two sites (1 and 2), as shown at the bottom of Fig. 8 , is likely because of the positive cooperative effect exerted by the bound adjacent trimer. Previous analysis of Drosophila HSF has also demonstrated the cooperative nature of HSF binding and the preference of HSF for certain sites within the Drosophila HSE (41, 56) .
The missing-nucleoside experiment also demonstrated that mHSF2 preferred a three-unit binding site. However, we detected differences in mHSF2 interaction that suggest several alternatives for its interaction with the HSE. The binding detected by footprinting may reflect the interaction of a single mHSF2 trimer shifting its interaction between sites 2, 3, and 4 or sites 3, 4, and 5. However, this would lead to only partial protection of sites 2 and 5 during footprinting, and this is not observed. It is also possible that two mHSF2 trimers interact with the HSE such that each trimer binds to two sites, resulting in the protection of sites 2 to 5. Alternatively, it seems more plausible that one mHSF2 trimer may interact with sites 3, 4, and 5; the weaker interaction of a second trimer at sites 1 and 2 would follow. The binding at site 2 would be stabilized by interactions with site 3, whereas the interaction with site 1 would be weakest, as it has the least opportunity for cooperative interactions.
Analysis of HSF interaction with the HSP70 HSE. Our laboratory has shown that all five consensus G residues of the human HSE are protected from DMS methylation in heat-shocked cells, suggesting that heat-induced HSF1 binds to all five sites (1) . We have also shown in our study that mHSF1 protects the same nucleotides in vitro from methylation and that the same DMS hypersensitivities are also present as in vivo. There was evidence from our earlier in vivo study (1) that the protection was stronger at sites 3 and 4, suggesting preferential interaction by HSF1, and this is consistent with our missing-nucleoside analysis. In contrast, DMS protection analysis in hemin-treated K562 cells suggested that HSF2 did not contact the consensus G in HSE site 1 well (42). Our enzymatic and chemical footprinting analysis of mHSF1 and mHSF2 binding addressed the specificity and extent of mHSF1 and mHSF2 binding to the HSP70 HSE. DNase I footprinting demonstrated that mHSF1 bound extensively on both strands and protected all five repeats of the HSE, suggesting that a monomer of mHSF1 was bound to each pentamer. This result is in agreement with previous results that demonstrated that human HSF1 was able to protect the full human HSE (7). This study was limited to analysis of the bottom strand, but similar boundaries were seen. The binding of the Schizosaccharomyces pombe HSF protein to the human HSP70 HSE indicated that it also protected all sites, as judged by DNase I footprinting (10) . In the same study, methylation interference analysis suggested that the most important interactions of S. pombe HSF were at sites 3 and 4. The ability of the yeast protein to bind to the human HSE in nearly the same manner corroborates the conservation observed in the DNAbinding domain of these proteins.
In comparison to mHSF1, our DNase I footprinting analysis of mHSF2 binding demonstrated that sites 2 to 5 were protected and that mHSF2 failed to protect site 1, and these results are consistent with our in vivo study of hemininduced HSF2 (42) . The differences in binding detected by DNase I suggest that mHSF1 and mHSF2 have different affinities for repeats in the HSE. We also demonstrated with MPE footprinting that these two factors protect the DNA backbone primarily in sites 2, 3, and 4. Cunniff et al. (7) also noted that the internal perfect repeats, sites 3 and 4, were better protected by human HSF1 from hydroxyl radical cleavage than the flanking sites. Both mHSF1 and mHSF2 fail to fully protect sites 1 and 5 from hydroxyl radicals, but this might reflect the size of the footprinting reagent. The data suggest that the strength of interaction of a monomer of mHSF1 or mHSF2 with an nGAAn repeat depends on its position within the HSE.
MPE cleavage was significantly lower at the ends of sites 1 and 3 even in the absence of protein, indicative of a narrower minor groove (4) . This distortion might be generated by the sequence 5'-AAA-3' in site 1 and 5'-AATA-3' in site 3. The bent nature of repeated A tracts in DNA has been demonstrated in other studies (22) . However, it seems unlikely that the sequences stated above, although they are appropriately spaced with respect to the helical phase of the DNA, could lead to a significant bend, since they are relatively short. We have attempted to detect bending in this sequence by cloning the HSP70 HSE sequence into the pBEND2 vector (20) and utilizing gel shift analysis. We did not observe an anomalous migration pattern of the free or complexed DNA. The nature and the actual extent of the distortion in the HSE is not known, but it can be speculated that the minor groove of the DNA is narrowed in sites 1 and 3.
mHSF1 and mHSF2 activate transcription and are trimeric in solution. In our studies we have also compared mHSF1 and mHSF2 with respect to their potential for transcriptional activation and oligomeric state. We have utilized concentrations of protein and binding sites that approximate what we know about the concentration and ratio of HSFs to HSEs in vivo (36) . Previous studies from our laboratory demonstrated that HSF1 is the factor activated in response to heat and other stresses and that HSF2 is activated in hemin-treated human K562 erythroleukemia cells (36, 42) . Our analysis demonstrated that recombinant mHSF1 and mHSF2, both of which are produced in bacteria as active DNA-binding proteins, are trimeric in solution, as judged by EGS cross-linking. This is consistent with previous results from our laboratory and others' regarding the oligomeric state of active HSF (31, 32, 36, 45) . We also measured the apparent Kd for the human HSP70 HSE by saturation binding analysis and found that the apparent dissociation constants for mHSF1 and mHSF2 were nearly identical, 2.7 and 2.4 nM, respectively. A previous estimate of the Kd for heat shock-induced Drosophila HSF was 4 x 10-12 M (54) and that of human HSF was 4 x 10-11 M (47). It should be noted that our results reflect the binding of recombinant proteins to a natural HSE sequence and that the binding was under different conditions, specifically, those used for transcription and footprinting (notably, higher MgCl2). We also note that the probe used in the analysis of the Drosphila and human HSF proteins consisted of multiple consensus nGAAn repeats. It is true that smaller eukaryotes have primarily consensus HSEs, and so the probe is an appropriate substrate for Drosophila HSF; however, larger eukaryotes have relatively few perfect HSEs (three adjacent nGAAn sites), and there are multiple HSF factors. Perhaps the divergence of the HSE and the multiplicity of factors in larger eukaryotes has led to a lower binding affinity to permit more versatility in gene regulation. Nevertheless, our analysis suggests that both mHSF1 and mHSF2 bind to the HSE with nearly equal avidity, which is supported by our DNase I footprinting titration, specifically the binding to sites 3 to 5. Both mHSF1 and mHSF2 stimulated transcription in vitro, with mHSF1 being the more potent of the two. This result was consistent with our earlier study that compared heat shock-activated HSF1 and hemin-induced HSF2 (42), although the absolute level of transcriptional activation in vitro is much lower, as has been observed in other studies of recombinant HSFs (6, 33, 40) .
Conclusions. How do mHSF1 and mHSF2 bind to DNA, and what are the functional consequences? The primary mode of binding for both proteins is through base contacts in the major groove and with the DNA phosphate-ribose backbone. Both DNase I and DMS treatments of HSF-HSE complexes result in specific hypersensitivities, suggesting that the binding of HSF to the DNA induces some conformational change. The possibility that the HSE is slightly distorted is attractive, as it might help us to visualize how an HSF trimer can bind to a repeat of the sequence 5'-nGAAnnTTCn-3'. For HSF to bind to each site in the major VOL. 13, 1993 groove such that the DNA-binding domains are positioned appropriately, the DNA must be distorted to some extent in order to allow symmetrical interactions to occur.
The strong interaction of HSF in vivo with sites 3 and 4 coupled with our missing-nucleoside and gel shift data lead us to speculate that the dyad symmetry of sites 3 and 4 plays a significant role in the recognition of the HSE. Many binding sites for multimeric factors exhibit dyad symmetry that is essential for their interaction with DNA (17, 19) .
Perhaps the necessity to develop specificity in HSF binding led to the evolution of HSEs with multiple pentameric binding sites. The basic HSE element, 5'-nGAAn-3', does not lend itself to DNA-binding specificity, as this simple sequence would occur far too frequently in the genome for adequate regulation. The multimerization of the site lends complexity and thus specificity, as well as increased affinity in binding, the latter demonstrated by Xiao et al. (56) . To maintain the interaction of HSF with the HSE and allow for the regulated induction of HSF during times of stress, HSF activity has also been regulated at the level of multimerization. Further analysis through binding site selection experiments will address the role of symmetry and base composition in the interaction of HSF with the HSE.
